Fluctuations of spontaneous EEG topographies predict disease state in relapsing-remitting multiple sclerosis  by Gschwind, Markus et al.
NeuroImage: Clinical 12 (2016) 466–477
Contents lists available at ScienceDirect
NeuroImage: Clinical
j ourna l homepage: www.e lsev ie r .com/ locate /yn ic lFluctuations of spontaneous EEG topographies predict disease state in
relapsing-remitting multiple sclerosisMarkus Gschwinda,b,⁎, Martin Hardmeierc, Dimitri Van De Villed,e,g, Miralena I. Tomescub,
Iris-Katharina Pennerf, Yvonne Naegelinc, Peter Fuhrc, Christoph M. Michelb,g, Margitta Seecka,b
aDepartment of Neurology, University Hospital Geneva, Geneva, Switzerland
bFunctional Brain Mapping Laboratory, Department of Neuroscience, Biotech Campus, University of Geneva, Geneva, Switzerland
cNeurologic Clinic and Policlinic and Clinical Neurophysiology, Departments of Medicine and Clinical Research, University Hospital Basel, University of Basel, Basel, Switzerland
dDepartment of Radiology, Center for Biomedical Imaging, University Hospital Geneva, Geneva, Switzerland
eInstitute of Bioengineering, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland
fDepartment of Cognitive Psychology and Methodology, University of Basel, Basel, Switzerland
gCenter for Biomedical Imaging, Lausanne and Geneva, Switzerland⁎ Corresponding author at: Unité d'EEG et d'exploration
cartographie cérébrale, Service de Neurologie, Hôpitaux U
Rue Gabrielle-Perret-Gentil 4, 1211 Geneva, Switzerland.
E-mail address:markus.gschwind@gmail.ch (M. Gschw
http://dx.doi.org/10.1016/j.nicl.2016.08.008
2213-1582/© 2016 Published by Elsevier Inc. This is an opa b s t r a c ta r t i c l e i n f oArticle history:
Received 12 February 2016
Received in revised form 25 July 2016
Accepted 5 August 2016
Available online 9 August 2016Spontaneous ﬂuctuations of neuronal activity in large-scale distributed networks are a hallmark of the resting
brain. In relapsing-remitting multiple sclerosis (RRMS) several fMRI studies have suggested altered resting-
state connectivity patterns. Topographical EEG analysis reveals much faster temporal ﬂuctuations in the tens of
milliseconds time range (termed “microstates”), which showed altered properties in a number of neuropsychi-
atric conditions.
We investigatedwhether thesemicrostates were altered in patients with RRMS, and if themicrostates' temporal
properties reﬂected a link to the patients' clinical features.
We acquired 256-channel EEG in 53 patients (mean age 37.6 years, 45 females, meandisease duration 9.99 years,
Expanded Disability Status Scale ≤4, mean 2.2) and 49 healthy controls (mean age 36.4 years, 33 females). We
analyzed segments of a total of 5 min of EEG during resting wakefulness and determined for both groups the
four predominant microstates using established clustering methods.
We found signiﬁcant differences in the temporal dynamics of two of the four microstates between healthy con-
trols and patients with RRMS in terms of increased appearance and prolonged duration. Using stepwise multiple
linear regression models with 8-fold cross-validation, we found evidence that these electrophysiological
measures predicted a patient's total disease duration, annual relapse rate, disability score, as well as depression
score, and cognitive fatigue measure.
In RRMS patients, microstate analysis captured altered ﬂuctuations of EEG topographies in the sub-second range.
This measure of high temporal resolution provided potentially powerful markers of disease activity and
neuropsychiatric co-morbidities in RRMS.
© 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Fatigue Scale for Motor and Cognitive Functions
Center for Epidemiologic Studies Depression
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Expanded Disability Status Scale1. Introduction
Multiple sclerosis (MS) is characterized by recurrent inﬂammatory
events and progressive neurodegeneration leading to disseminated de-
myelination and axonal loss in the central nervous system (Compston
and Coles, 2008). The search for additional disease markers is needed
(Filippi and Agosta, 2010) because conventional structural magneticde l'épilepsie & Laboratoire de
niversitaires de Genève (HUG),
ind).
en access article under the CC BY-NCresonance imaging (MRI) of the brain and spinal cord (Rovira et al.,
2015) does not capture the “hidden” axonal damage known to occur
early in the normal-appearing brain tissue (Fu et al., 1998) and because
there ispoor correlation between lesion load and clinical impairment
(Barkhof, 2002).
MShas receivedmuch less attention from the EEG andMEGﬁeld than
from the MRI community. Very few studies have looked at electrophysi-
ological markers of the clinical course (Fuhr et al., 2001; Schlaeger et al.,
2014), and only recently has interest grown in the functional connectivity
and resting-state network analysis by EEG, with the aim to characterize
altered neuronal conduction known to occur in MS pathology (Lenne et
al., 2013; Leocani et al., 2000; Van Schependom et al., 2014). A few
MEG studies investigated functional connectivity at rest in patients with
MS and found altered connectivity patterns in speciﬁc frequency bands-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Demographics (mean and standard deviation).
Patients Controls
N = 53 N = 49
Females/males 45/8 33/16
Age [y] 37.69 ±7.10 36.35 ±8.20
Education [y] 14.64 ±2.69 15.27 ±2.22
Disease duration [y] 9.99 ±6.09
Annualized relapse rate (2y-ARR) 0.58 ±0.68
Expanded Disability Status Scale (EDSS) 2.12 ±0.97
Kurtzke Functional System
Score – visual (FSS-vis)
0.32 ±0.83
Kurtzke Functional System
Score – mental (FSS-ment)
0.91 ±0.84
For detailed patient speciﬁcation, see Supplementary Table 1.
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Tewarie et al., 2013; Van der Meer et al., 2013).
Alternative to frequency-band speciﬁc analyses with quantitative
EEG or functional connectivitymeasures, brain activity can be described
through scalp potential ﬁelds. During rest the broad-band EEG displays
topographical ﬂuctuations, among which meta-stable periods of some
tens of milliseconds can be detected when a topographical clustering
approach is used. These quasi-stable states have been termed “micro-
states” (Lehmann et al., 1987), and most studies have consistently ob-
tained four prototypical topographies along which the ﬂuctuations are
described (Koenig et al., 2002; for reviews see Khanna et al., 2015;
Lehmann et al., 2009). Both the spatial and temporal orders of these to-
pographicalﬂuctuations are not random, but follow a complex temporal
structure, including long-range dependencies (Gschwind et al., 2015;
Van De Ville et al., 2010). Simultaneous EEG/fMRI recordings in healthy
subjects showed that the different microstates could be associated with
the blood-oxygen-level dependent (BOLD) pattern of established rest-
ing-state networks (Britz et al., 2010; Yuan et al., 2012). This supported
the idea that EEG microstates represent elementary short-lasting pe-
riods of coordinated synchronized communication within large-scale
brain networks. Consequently, it was assumed that the EEGmicrostates
could be the electrophysiological correlates of the periods of stable spa-
tial patterns proposed in the global workspace theory (Baars, 2002,
2005; Changeux and Michel, 2004; Dehaene and Changeux, 2011).
Several studies over the last 20 years have shown that the temporal
dynamics of EEG microstates are inﬂuenced by different states of con-
sciousness such as hypnosis (Katayama et al., 2007), meditation
(Kopal et al., 2014), and sleep (Brodbeck et al., 2012), and that they
are altered in diseases such as schizophrenia (Kindler et al., 2011;
Lehmann et al., 2014; Strelets et al., 2003), risk for schizophrenia
(Andreou et al., 2014; Tomescu et al., 2014; Tomescu et al., 2015), and
dementia (Dierks et al., 1997; Nishida et al., 2013; Strik et al., 1997) in
a disease-speciﬁc way.
In the present study, we compared high-density EEG topographies
(microstates) during rest between patientswith RRMS andhealthy sub-
jects. Given that RRMS is characterized by relapsing episodes of distrib-
uted inﬂammation, leading to demyelination and axonal loss, we
expected that a focal alteration of microstate topographies would not
be observed, but instead a temporal alteration of themicrostate switch,
either as an increased speed due to compensatory or adaptive hyperac-
tivation (decrease of microstate durations) or as decreased speed in the
context of the slowdown of the neuronal transmission (increase of
microstate durations). We hypothesized that such altered temporal dy-
namics could be related to a speciﬁc dysfunction of clinical or neuropsy-
chological parameters (Schoonheim et al., 2013a; Schoonheim et al.,
2015b). We asked whether such a temporal alteration would be found
in all microstates classes as a general effect of the disease, or whether
it would be specﬁc to certainmicrostate classes only, and therefore spe-
ciﬁc to certain brain networks related to these states. If the latter was
the case, EEG microstate changes might serve as a possible surrogate
marker of MS pathology.
2. Methods
2.1. Subjects
The study was approved by the local ethics committee, and all par-
ticipants gavewritten informed consent for their participation in accor-
dance with the Declaration of Helsinki. From a cohort of 86 patients
with MS, in which 256-channel high-density EEG was recorded at the
Outpatient Clinic of Neurology, University Hospital Basel, a total of 53
patients with conﬁrmed relapsing-remitting multiple sclerosis (RRMS)
according to McDonald's diagnostic criteria (Polman et al., 2011) were
selected. The following criteria were used: (1) an Expanded Disability
Status Scale (EDSS) ≤4 (Kurtzke, 1983); (2) right-handedness; (3) nei-
ther clinical relapse nor corticosteroid therapy for at least 6 weeks priorto inclusion in the study; and (4) no other neurological diagnoses or
major psychiatric illnesess according to the DSM-IV-TR criteria.
Matched to this patient sample, we also selected 49 right-handed
healthy control subjects with no history of neurological or psychiatric
condition. The demographic details are summarized in Table 1. There
were more males in the control group, but the difference was not
signiﬁcant.
2.2. Neuropsychological assessment
Patients with RRMS and healthy controls who participated in the
study underwent neurological examination and neuropsychological
evaluation, including several established tests known to best describe
the cognitive dysfunction in the context of MS (Papadopoulou et al.,
2013): Laterality Index of Handedness (LIH) was assessed by the
Edinburgh Handedness Inventory (Oldﬁeld, 1971); right-handedness
was deﬁned by a LIH N30. Visuoperceptual processing and psychomotor
speed and working memory were tested with the Symbol Digit Modal-
ities Test (SDMT; Benedict et al., 2008), giving the number of items
processed in 90 s. Fatigue was evaluated using the Fatigue Scale for
Motor and Cognitive Functions (FSMC), which was composed of both
a cognitive sub-score (cog) and a motor sub-score (mot) (Penner et
al., 2009); each sub-score summed the patient's rating on a 10-item
scale. Depression was scored with the German version (Allgemeine De-
pressions Skala-L [ADS-L]) of the Center for Epidemiologic Studies De-
pression Scale (CES-D) (Hautzinger and Bailer, 1991), which resulted
in a score from the patient's rating on a 20-item scale.
2.3. EEG data acquisition and preprocessing
During data acquisition, the participants sat calmly in a chair with
their eyes closed, without falling asleep, and scalp EEG was recorded
over 12 min with a high-density, 256-channel EEG system (Netstation
200, using a HydroCel Geodesic Sensor Net, Electrical Geodesics, Inc.,
Eugene, OR). The electrode net was placed relative to the preauricular
points and Fz, Cz, and Oz as landmarks. Electrode impedances were
kept below 40 kΩ in order to ensure good quality of data acquisition
(Ferree et al., 2001). Recording band-pass was 0.1 to 100 Hz; the sam-
pling frequency 1 kHz; and the vertex was used as the recording refer-
ence. A subset of electrodes was monitored online during recording in
order to check for vigilance ﬂuctuations and ensure that the participant
did not fall asleep. Ofﬂine, the EEG was band-pass ﬁltered between 1
and 40 Hz; electrodes on the cheeks and neck were excluded, resulting
in 204 electrodes that were kept for further analysis. Artifact-free EEG
epochs were then selected from each 12-min recording. Epoch length
varied depending on the occurrence of visually identiﬁed artifacts,
which included eye blinks,muscle activity andDC shifts, or any other in-
termittent high-amplitude deﬂections on any electrode. The total of ar-
tifact-free segments covered at least 5 min of resting EEG. Independent
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in order to remove cardiac and oculomotor artifacts based on thewave-
form, topography, and time course of the ICA component (Jung et al.,
2000). The data were then down-sampled to 125 Hz, disturbed elec-
trodes were interpolated using a 3-D spherical spline (Perrin et al.,
1989), and the data were recomputed to the common average refer-
ence. EEG data processing was realized with the freely available Cartool
software package (release 3.51 [2268]) (Brunet et al., 2011) and custom
MATLAB scripts (release 2012a, Mathworks Inc., Natick, MA).
2.4. Topographical analysis
Microstate analysis consists of determining the topographical tem-
plate maps with subsequent labelling of the whole EEG recording. In
order to determine these most dominant topographical template
maps, a standard approach applied in previous studies by different
groups was used and consisted of running a spatial k-means clustering
procedure on every subject separately (Brunet et al., 2011) using the
time frames of peaks of Global Field Power (GFP) (Britz et al., 2010;
Brodbeck et al., 2012; Brunet et al., 2011; Khanna et al., 2014; Koenig
et al., 2002; Koenig et al., 2005; Michel et al., 2009; Nishida et al.,
2013). The GFP is calculated as the standard deviation of all electrodes
after subtracting the mean potential across the electrodes (Lehmann
and Skrandies, 1980); therefore, it is a reference-free measure of total
ﬁeld strength. GFP maxima are considered the time points of maximal
synchronized neuronal activity (Skrandies, 2007), and the maps tend
to be topographically stable around the GFP maxima (Michel et al.,
2009), the GFP maxima represent therefore the moments of best sig-
nal-to-noise ratio. The formula is as follows (n = number of channels
of the montage, including the reference; ui = the average-referenced
potential of the ith electrode at a given time point t):
GFPu ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
n

Xn
i¼1u
2
i
r
ð1Þ
For each participant, the spatial k-means clustering procedure iden-
tiﬁed between 2 and 10 different, most representative topographical
maps,whichwere then entered into a second k-means clustering across
all individuals (patients and controls). At both steps, the optimal cluster
number was chosen based on the Krzanowski-Lai cluster index
(Charrad et al., 2014; Krzanowski and Lai, 1988). The Krzanowski-Lai
cluster index is determined by the L-corner of the dispersion curve,
which is a quality measure of the clustering. The optimal clustering is
set when an additional cluster does not lead to a signiﬁcant gain of the
global quality. The criterion had been proposed for EEGmicrostate clus-
tering in Murray et al. (2008) and was explained in more detail therein.
This procedure resulted in one set of four different “grand” template to-
pographies that, at a minimum number, explained a maximum of the
variance of thewhole data set across patients and controls, as previously
demonstrated (Britz et al., 2010; Khanna et al., 2014; Khanna et al.,
2015; Koenig et al., 2002). (Note that only the relative topographical
conﬁguration and not its polarity was considered). We then ﬁtted
these four topographical templatemaps back to the entire preprocessed
EEG recording of each participant, using the spatial correlation between
the instantaneous EEG topography and each of the four grand template
maps after normalizing both maps by dividing by the GFP. Every time
point in the resulting four time-dependent (absolute-valued) correla-
tion curves was then assigned to the template that showed the highest
correlation value (winner-takes-all fashion), resulting in the ﬁne-
grained temporal sequence of four microstates labelled according to
the convention as classes A, B, C, andD (VanDeVille et al., 2010) (Fig. 1).
To determine the degree of topographical ﬂuctuations and their rel-
evance in RRMS, the following conventional parameterswere calculated
from themicrostate sequences (Tomescu et al., 2014): (1) the total time
coverage giving the percent of total time of the whole EEG recording,
which was covered by each of the four microstates; (2) the globalexplained variance (GEV) for each microstate, calculated as the sum of
the squared spatial correlation between the template and each assigned
time point's topography and weighted by the GFP at each time point.
The GEV therefore gives a ratio of how well each template described
the assigned time points through the whole data (Brunet et al., 2011;
Koenig and Giannotti, 2009). The GEV formula is as follows (from
Murray et al. (2008);where GFPu(t) is the GFP of the data formicrostate
class U at time point t labelled; Tt is the template map assigned by the
segmentation for microstate class U at time point t labelled; and Cu,Tt
is the spatial correlation between data of microstate class U at time
point t labelled and the template map of microstate class U):
GEV ¼
Xtmax
t¼1 GFPu tð Þ  Cu;Tt
 2
Xtmax
t¼1 GFP
2
u tð Þ
ð2Þ
Finally, we calculated (3) the microstate duration (Koenig et al.,
2002), given as median, geometric mean (geomean), and geometric
standard deviation (Limpert and Stahel, 2011) of each microstate's du-
ration in milliseconds. As demonstrated elsewhere, temporal organiza-
tion is a key property of EEG microstates (Gschwind et al., 2015).
2.5. Statistical analysis
The four microstate template maps were created for both patients
and controls together, and both groups were directly compared to
these common templatemaps. Themicrostate GEV, total time coverage,
and duration measures (median, geomean, and geometric standard de-
viation) of each of the four microstate classes (A, B, C, and D) were en-
tered into a multivariate analysis of variance (MANOVA) across both
groups. In order to test how the patient with RRMS's clinical and neuro-
psychological characteristics related to the neurophysiologic parame-
ters, stepwise multiple linear regression models were calculated
(inclusion/exclusion probability levels for the stepwise procedure at
b0.05/N0.1). A factorial analysis was performed on the different clinical
characteristics using standard procedures and varimax rotation. Statisti-
cal analyses were run on SPSS (version 20, IBM Corporation, Armonk,
NY), and the 8-fold cross-validation (McLachlan et al., 2005) was per-
formed using the package DAAG (Maindonald and Braun, 2010) in R
version 3.2.3 (The R Foundation for Statistical Computing, 2015,
cran.r-project.org). Signiﬁcance was set globally to an alpha level at 5%.
3. Results
3.1. Neuropsychological assessment
The results of the neuropsychological assessment of patients with
RRMS and controls are displayed in Table 2. Patients differed signiﬁcant-
ly from controls (two-sample t-tests) in cognitive and motor fatigue
(FSMC, patient's rating on a 10 + 10-item scale), processing speed
(SDMT, raw score counting the number of items processed in 90 s), as
well as depression scores (CES-D, raw score from patient's rating on a
20-item scale).
Thus, SDMT, FSMC-cog, FSMC-mot, and CES-D scores were looked at
together with the disease-characterizing parameters in order to build
stepwise multiple linear regressionmodels between these clinical mea-
sures and the EEG microstate parameters within patients (see section
below).
An explorative factorial analysis across all clinical parameters in pa-
tients showedmutual relationships between them. The ﬁrst component
grouped handicap scores and fatigue-related parameters, whereas
time-related variables fell in the second component, which was com-
posed of disease duration, age, and relapse rate. The depression scores,
cognitive information processing speed, and sexwere grouped together
in the third component (Table 3).
Fig. 1.Method of microstate analysis. A. The patient's high-density EEG (256 channels) at rest (eyes closed), after standard preprocessing, is displayed as a time series of global ﬁeld
topographies, showing quasi-stable periods between irregular changes (B.). C. The peaks of global ﬁeld power (GFP) were determined and their speciﬁc topographies were selected
and submitted to a k-means clustering procedure, for each individual participant, and in a second step across all participants (D.). E. This resulted in a set of four most representative
topographies for all participants in both groups equally, the four microstate classes. Only the topography's relative conﬁguration but not its polarity is considered. These four template
topographies are then ﬁtted back to the original EEG recording of each individual participant resulting in a labelling of the whole recording according to predominating microstate
class. G. The resulting ﬁne-grained time sequence of the labels is called the microstate sequence and used for statistical analysis.
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The two-step cluster analysis (ﬁrst performed at an individual level
and then across the whole population) resulted in four clusters as theoptimal number of maps needed to explain the data according to the
Krzanowski-Lai cluster index (k). We also performed a separate cluster
anaylsis for each group in order to check whether four maps were the
best solution for each group. The similarities of the topographies are
Table 2
Results of the neuropsychological assessment of patients with RRMS and healthy controls.
Patients Controls t-Test
Mean ± SD Mean ± SD p-Value
Laterality Index of Handedness 88.44 ± 15.70 88.94 ± 17.37 0.88
SDMT 55.88 ± 10.78 63.60 ± 11.49 0.0009
FSMC-cog 24.62 ± 11.42 15.56 ± 4.45 0.0000
FSMC-mot 25.79 ± 11.46 15.98 ± 4.23 0.0000
CES-D 9.84 ± 8.98 6.21 ± 5.51 0.02
SDMT: Symbol Digit Modalities Test; FSMC-cog: cognitive sub-score of the Fatigue Scale
for Motor and Cognitive Functions; FSMC-mot: physical sub-score of the Fatigue Scale
for Motor and Cognitive Functions; CES-D: Center for Epidemiologic Studies Depression
Scale.
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scribed in the literature (Koenig et al., 2002). Indeed, the ﬁrst peak of
the k-values was at four cluster maps in both groups and this was the
highest value in the control group. In the patient group, a second peak
with a slightly higher k-value was seen for seven clusters, but the addi-
tional clusters contributed very little to the total explained variance. Fig.
2 shows the fourmean cluster topographies for thewhole population, as
well as separately for patients and controls.
Given the high degree of similarity between the four cluster maps
between the groups, we ﬁtted the four template maps from the
whole-population clustering (see Fig. 1E) to each subject and analyzed
the temporal microstate dynamics according to commonly used, previ-
ously described parameters. Fig. 3 shows this step of the analysis.
All investigated parameters were submitted to a MANOVA, which
revealed a group difference between patients with RRMS and controls
(Pillai's trace=0.32, F(19,82)=2.07, p= 0.01, partial η2=0.32), a sig-
niﬁcant main effect between the different microstates (Pillai's trace =
1.00, F(19,82)=11,612.56, p b 0.00000), aswell as a signiﬁcant interac-
tion between group andmicrostate (F=1.84, p= 0.04). Follow-up uni-
variate ANOVAs (corrected for multiple comparisons using false
discovery rate (Benjamini and Hochberg, 1995), q-value = 0.017) re-
vealed that patients with RRMS had signiﬁcantly increased GEV com-
pared to controls for microstate classes A and B (GEV class A:
F(1,100) = 6.05, p = 0.02; GEV class B: F(1,100) = 5.91, p = 0.02)
and signiﬁcantly increased total time coverage for class B (F(1,100) =
6.69, p= 0.01), while time coverage for class A did not survivemultiple
comparison (p=0.047). GEV and total time coveragewere not differentTable 3
Factorial analysis of clinical and neuropsychological characteristics of patients with RRMS.
Component
1 2 3 4
Variance explained (%) 31.955 14.536 10.587 9.366
Eigenvalues 3.835 1.744 1.27 1.124
r r r r
FSMC-cog 0.857
FSMC-mot 0.851
FSS-ment 0.800
EDSS 0.790
FSS-vis 0.608
Age 0.771
2y-ARR −0.766
Disease duration 0.697
SDMT −0.721
Sex 0.674
CES-D 0.592
Education years 0.684
N=53. Factor contribution N0.5 taken into account. FSMC-cog: cognitive sub-score of the
Fatigue Scale for Motor and Cognitive Functions; FSMC-mot: physical sub-score of the Fa-
tigue Scale for Motor and Cognitive Functions; FSS-ment: Kurtzke Functional System
Score – mental; EDSS: Expanded Disability Status Scale; FSS-vis: Kurtzke Functional Sys-
tem Score – visual; 2y-ARR: Annualized relapse rate; SDMT: Symbol Digit Modalities
Test; CES-D: Center for Epidemiologic Studies Depression Scale.between groups for classes C and D (p N 0.1 for each of them). Patients
with RRMS showed increased measures of microstate duration com-
pared to controls for classes A and B (median duration class A:
F(1,100) = 9.18, p = 0.003; median duration class B: F(1,100) = 9.23,
p = 0.003; geomean of class A: F(1,100) = 7.47, p = 0.007; geomean
of class B: F(1,100) = 8.04, p = 0.006), but not for classes C and D
(p N 0.43 formedian and p N 0.45 for geomean). The geometric standard
deviation did not show any difference between groups.
We further investigated the speciﬁc differences of microstate dura-
tion between patients and controls and plotted the probability density
of durations, expressed as the subtraction of patients from controls
(delta) for each microstate (Fig. 4). Again, differences were only ob-
served for microstate classes A and B: There were fewer short duration
states (b120ms) andmore frequent long durations states (N120ms) in
the RRMS group, indicating an imbalanced processing of microstate
classes A and B. Distributions in classes C and D showed no particular
differential pattern.
In order to control for basic frequency differences of the raw EEG
recordings between groups, notably a diffuse slowing typically seen in
patients with more advanced MS (Beach et al., 2011), and which theo-
retically could cause a temporal slowing also of the here described mi-
crostates ﬂuctuations), we estimated the spectral power across the
whole EEG recording in every patient with RRMS and healthy control
subject using Welch's method (window length of 2500 time frames,
50% overlap, range 0.5 to 45 Hz in 0.2-Hz steps) averaged across all
channels. None of the two-sample t-tests on each of the standard fre-
quency bands were signiﬁcantly different between the two groups (δ-
band (1 to 4 Hz), p = 0.98; θ-band (4 to 8 Hz), p = 0.56; α-band (8
to 12 Hz), p = 0.56; β-band (12 to 20 Hz), p = 0.09; γ-band (20 to
40 Hz), p = 0.39).
3.3. Prediction of MS-related clinical measures by EEG microstate
parameters
In order to determine the predictive value of the altered dynamics of
the topographical ﬁeld ﬂuctuations in RRMS patients for their clinical
and neuropsychological characteristics (Table 1), we ﬁtted stepwise
multiple linear regression models. RRMS-related clinical variables (see
Section 2.1), such as the disease duration, the EDSS, and the 2-year an-
nual relapse rate (2y-ARR), were entered as dependent variables, as
well as those neuropsychological scores thatwere signiﬁcantly different
between patients with RRMS and controls (see Section 3.1), such as
SDMT, FSMC-cog, FSMC-mot, and CES-D. All EEGmicrostate parameters
that had survived the initial feature selection by the MANOVA (see
Section 3.2) were entered as potential predictors in each of the models.
Possible confounding factors such as age, sex, and education were
equally included. The stepwise procedure selected the best predicting
variables on a purely data-driven basis.
We then tested formulticollinearity in thesemodels bymeans of the
variance inﬂation factor (VIF), the most widely used diagnostic for
multicollinearity, which estimates linear dependence between predic-
tors and, therefore, how much the variance of a coefﬁcient is “inﬂated”.
None of the ﬁve models suffered from multicollinearity (disease dura-
tion: VIF 1.001; 2y-ARR: VIF 1.062; DES-D, FSMC-cog, and EDSS: VIF
1.000).
We obtained the following results: (1) The strongest model predict-
ed disease duration (p b 0.0001) with a higher median duration of class
A. Prediction was improved with age as a covariable, reaching almost
32% of explained variance. (2) High 2y-ARR was signiﬁcantly predicted
by shorter duration of class B and young age (p= 0.007). (3) High de-
pression scores (CES-D) were predicted by short duration of class A
(p= 0.009). (4) Cognitive fatigue (FSMC-cog, p = 0.02) and neurolog-
ical impairment (EDSS, p = 0.03) were also signiﬁcantly predicted by
short duration of class B and high GEV of class A, respectively. For the
SDMT and FSMC-mot models, no predictor variables were identiﬁed
by the stepwise procedure.
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0.1
−0.1
−0.05
0
0.05
0.1
Patients 
Controls 
−0.1
−0.05
0
0.05
0.1
All 
A B C D 
A B C D 
A B C D 
Fig. 2. Grand template topographies as results of the two-step k-means clustering for all (N = 102), and separately for patients with RRMS (N= 53) and healthy controls (N = 49).
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and forcing the covariates age and sex into each model, this result pat-
tern did not change substantially: only for disease duration the forced
model with age and sex was retained, and age played a signiﬁcant role
in disease duration and 2y-ARR, exactly as it also resulted from the
pure stepwise analysis. In none of the models, sex played a signiﬁcant
role (Supplementary Table 2).
3.4. Validation of model consistency by 8-fold cross-validation
We performed a validation of these ﬁve predictor models (Table 4)
using the consistency measure obtained by an 8-fold cross-validation,
a standard procedure used in automatic classiﬁcation approaches
(McLachlan et al., 2005). For this purpose, the patient group (N = 53)
was divided into eight groups of approximately the same size. The
modelwas then calculated on the patients of seven groups,while the re-
maining eighth group was left out and used as a test group. This was
done eight times with each of the eight non-overlapping groups once.
The test error was then estimated by averaging the eight resulting
mean square error estimates (its square root is the standard error of
estimates,S.E.est). The results of the prediction for the remaining patient
group was then compared to the full model calculated on all patients;
the 8-fold cross-validation showed a very high model consistency
with values of R2 from 0.891 to 0.980 for every one of the ﬁve different
predictor models (Fig. 5).
4. Discussion
In this study, we investigated the temporal ﬂuctuations of EEG to-
pographies measured with high-density EEG in 53 right-handed pa-
tients with RRMS and compared them to 49 matched healthy controls.
To the best of our knowledge, this is the ﬁrst study examining topo-
graphical ﬂuctuations in patients with RRMS using the microstateanalysis approach,which consists of segmenting the ﬂow of ﬁeld poten-
tial topographies into subsecond-periods ofmeta-stable canonicalmaps
and determining changes of presence and duration of these segments
for each of themaps. The key ﬁnding of this study is that in patients suf-
fering from relapsing-remitting multiple sclerosis the temporal charac-
teristics of two of the four canonical microstates were altered. In
particular, patients showed prolonged durations of microstate classes
A and B compared to age-matched controls, as well as longer total
time coverage and higher GEV. These alterations were strongly predic-
tive of patients' clinical parameters such as disease duration, annual re-
lapse rate, and EDSS, as well as the neuropsychological scores of self-
rated depression (CES-D) and cognitive fatigue (FSMC-cog).
4.1. Microstates as a temporal signature of electrophysiological processes
Our patients were thoroughly stratiﬁed into a homogenous patient
group using a multitude of established clinical and neuropsychological
measurements, which was therefore comparable to other studies with
similar patient cohorts (Hasan et al., 2012; Schoonheim et al., 2015a).
The EEGmicrostate analysis, in contrast to functional connectivity stud-
ies using fMRI resting state analysis, focuses on the temporal dynamics
of large-scale brain networks. During amicrostate periodwith stable to-
pography, a set of sources in the brain operates synchronously (“The ob-
servation ofmicrostates thus suggests the existence of subsecond global
functional networks in the brain, established through a synchronized
ﬁring of the neural elements constituting the network” (Koenig et al.,
2005)). Consequently, alterations in the temporal parameters of the
EEG microstates due to disease indicates changes in the temporal dy-
namics of resting state networks in contrast to changes in connectivity
between networks or network nodes as studied with fMRI (e.g., Pinter
et al., 2016).
The question of the anatomical distribution of the networks underly-
ing the EEG microstate has been the subject of several combined EEG/
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472 M. Gschwind et al. / NeuroImage: Clinical 12 (2016) 466–477fMRI studies, which looked at BOLD ﬂuctuations that go along with the
(temporally smoothed)microstate ﬂuctuations (Baker et al., 2014; Britz
et al., 2010; Yuan et al., 2012). The different temporal dimensions of
both methods are not contradictory and several models of temporal in-
tegration have been put forward (Baker et al., 2014; Gschwind et al.,
2015; Van De Ville et al., 2010). It was suggested that microstate class
A is closely related to BOLD activation changes of the bilateral superior
temporal and parietal cortex, interpreted as sensorimotor (Yuan et al.,
2012) or auditory network (Britz et al., 2010; Yuan et al., 2012).Microstate class B reﬂected the visual system via BOLD changes in the
striate and extrastriate cortex (Britz et al., 2010; Yuan et al., 2012). Mi-
crostate class C recruited the bilateral insular and anterior cingulate “sa-
liency network” (Britz et al., 2010) and microstate class D reﬂected the
fronto-parietal attentional network of the nondominant hemisphere
(Britz et al., 2010). The question of the relationship between the de-
fault-mode network (DMN) and the EEG microstates is still open.
None of the combined EEG/fMRI studies were able to clearly identify
the DMN as one of the EEG microstate networks, even if some nodes
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Fig. 4. The difference of probability of microstate duration between patients with RRMS
and controls (delta) is shown for the four microstate classes. The delta is negative for
durations b120 ms for microstates classes A and B, indicating that patients display fewer
short duration states, but it is positive for durations between 120 ms and 300 ms,
indicating more longer durations in patients. This pattern is consistent with the patient's
higher geomean and median in microstate class A and B. For classes C and D no such
difference between patients and controls was found.
473M. Gschwind et al. / NeuroImage: Clinical 12 (2016) 466–477of theDMNcontributed tomicrostate class C as in Britz et al. (2010). The
only existing study on direct source imaging of the EEG microstates
(Pascual-Marqui et al., 2014) suggested that different areas belonging
to the DMN were contributing to each microstate, which indicated
that the DMN can be split apart at high-time resolution. Further studies
are needed to establish the relationship between EEG microstates and
the DMN.
With respect to the putative relationship of the microstates to cer-
tain fMRI resting state networks, our modiﬁcation of the temporal
dynamics of microstate classes A and B could be interpreted as aberrant
temporal functioning of sensory-related networks. This would be in
agreement with structural studies that indicated the brain regions
most affected by MS lesions to be in the corpus callosum, the
periventricular white matter (especially around the posterior horns),
the optic radiation, aswell as theﬁber tracts in theparietal and temporal
lobes (Compston and Coles, 2008; Filippi et al., 2012; Giorgio et al.,
2013; Hasan et al., 2012).Table 4
Stepwise linear regression models, on patient's clinical characteristics as target variables, revea
Target Model Predictor p-Value*) R
Disease duration 1 Median duration Class A 0.000 0
2 Median duration Class A 0.000 0
Age
2y-ARR 1 Age 0.02 0
2 Age 0.007 0
Geomean duration Class B
CES-D 1 Geomean duration Class A 0.009 0
FSMC-cog 1 Median duration Class B 0.02 0
EDSS 1 GEV Class A 0.03 0
*): Corrected for multiple comparisons using false discovery rate (Benjamini and Hochberg, 19
FSMC-mot, no predictor variableswere selected by the stepwise procedure. 2y-ARR: 2-year ann
nitive subscore of the Fatigue Scale for Motor and Cognitive Functions; EDSS: Expanded Disab
error of estimate.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.4.2. Impaired dynamics of microstate ﬂuctuations predict disease state of
MS patients with RRMS
The ﬁnding of less frequent short duration segments (b120ms) and
more frequent long duration segments (N120ms) of microstate classes
A and B in the patient group means an impaired dynamic of the switch
from classes A and B to other classes. This observation of slowed topo-
graphical ﬂuctuations points to a loss of ﬂexibility of neuronal dynamics
in theMS-affected brain, adding complementary information to the cur-
rent knowledge of MS-related changes. Many studies have reported in-
creased BOLDactivity in task-related regionswith additionally recruited
adjacent regions (Pantano, 2002; Rocca et al., 2005). This was
interpreted as a compensatory mechanism around existing structural
brain lesions (Bonavita et al., 2011; Roosendaal et al., 2010). An alterna-
tive view, however, suggested that this apparent increased (static) con-
nectivitymight actually be explained by reduced neuronal diversity due
to early axonal loss, rather than compensatory excitation (Hawellek et
al., 2011). Our observation of loss of rapid changes in functional interac-
tionswould be in linewith this interpretation, aswell aswith the recent
ﬁnding of an increased low-frequency power in certain dynamic con-
nectivity patterns in patients with RRMS (Leonardi et al., 2013).
The use of graph analytical methods (Bullmore and Sporns, 2009)
has also lead to interesting knowledge about the modiﬁcations in MS-
affected brains (Filippi et al., 2013). In particular, in EEG, MEG and
fMRI, these connectivitymeasures showed a strong decrease in network
efﬁciency, by segregation into increased network modularity (Gamboa
et al., 2014) and decreased centrality (Hardmeier et al., 2012;
Schoonheim et al., 2013a), with changes in clustering coefﬁcient and
path length (Schoonheim et al., 2013b; Schoonheim et al., 2012; Van
Schependom et al., 2014), leading to impaired integration of network
information (Rocca et al., 2014) and clustering (Helekar et al., 2010).
This approach was able to discriminate patients from controls
(Richiardi et al., 2012); however, it did not allow touncover connections
with clinical parameters.
The prediction of disease duration by prolongedmicrostate class A in
the present studywas a very stable ﬁnding, with an 8-fold cross-valida-
tion consistency measure of R2 of 0.970, meaning that the prediction of
disease duration is highly valid for any new unknown patient. Age as a
covariable improved the explained variance from 21.3% to 31.9%,mean-
ing not only did (a) age add supplementary information to the model,
whichwas not composed of disease duration alone (although the facto-
rial analysis grouped age and disease duration together in the same
component), but (b) the prediction of disease duration was improved
by only 10% when including age, whereas two thirds were already ex-
plained by the duration of microstate class A. High 2y-ARR wasl signiﬁcant predictors from EEG microstate parametres.
2 Adj. R2 β sr 8-fold cross-validation
S.E.est R2 Adj. R2
.21 0.20 0.46⁎⁎⁎ 0.46
.32 0.29 0.38⁎⁎ 0.41 5.29 0.97 0.97
0.33⁎⁎ 0.37
.10 0.08 −0.31⁎ −0.31
.18 0.15 −0.32⁎ −0.33 0.67 0.98 0.98
−0.29⁎ −0.30
.13 0.11 −0.36⁎ −0.36 8.70 0.89 0.89
.10 0.08 −31⁎ −0.31 11.09 0.95 0.95
.09 0.07 0.30⁎ 0.30 0.94 0.97 0.97
95), q-value = 0.03. Only data of patients were used N = 53. For the models SDMT and
ual relapse rate; CES-D: Center for Epidemiologic Studies Depression Scale FSMC-cog: cog-
ility Status Scale; GEV: global explained variance; sr: partial correlation; S.E.est.: Standard
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Fig. 5. Consistency measures for the established predictive models usign 8-fold cross-validation. Each ﬁgure compares the predicted model for all N = 53 patients to a model using the
same predictor variables but calculated on 7 out of 8 folds only, each time leaving the remaining fold as unknown test set. This procedure is repeated 8 times on the 8 non overlapping
folds, so that every patient was once a test case. All models (A.–E.) show a remarkably high coincidence with the predicting model for every of the 53 patients (R2 between 0.89 and
0.98). 2y-ARR: two-years annual relapse rate; EDSS: Expanded Disability Status Scale; CES-D: Center for Epidemiologic Studies Depression Scale; FSMC-cog: cognitive subscore of the
Fatigue Scale for Motor and Cognitive Functions.
474 M. Gschwind et al. / NeuroImage: Clinical 12 (2016) 466–477predicted by shorter durations of microstate class B together with
young age and, therefore, holds the potential to be an interesting surro-
gate marker for disease activity. Also here was age part of the model,
and our results are consistent with a recent study that convincingly
showed that age was a more important determinant of decline in re-
lapse rate than disease duration and that decline in relapse activity
over time was more closely related to patient age than was disease du-
ration (Kalincik et al., 2013).
Interestingly, we found a dissociation between cognitive fatigue
(FSMC-cog), which was predicted by altered EEG ﬂuctuations, and
motor fatigue (FSMC-mot), for which we did not ﬁnd any predictors.
A high FSMC-cog score was predicted by shorter microstate durations,
similar to the depression score (CES-D). This was only true for patients
with RRMS, whereas there was no correlation in healthy controls. Note
that formally diagnosed depression was an exclusion criterion in our
study; therefore,the CES-D score only served as a screening tool for
self-reported mood disturbances. However, both CES-D and FSMC
were independent of disease duration or relapse rate, and FSMC-cog
was associated with clinical disability measures (EDSS), whereas CES-
D was correlated to information speed processing (SDMT) and sex.
Also, we did not ﬁnd any microstate parameters predicting information
processing speed (SDMT).
The results of the other very few EEG and MEG resting state studies
in patients with MS converge with this most frequently observed MS-
related brain pathology of axonal loss and atrophy in the corpus
callosum, with their ﬁnding of described decreased interhemispheric
coherence (Cover et al., 2006; Hardmeier et al., 2012; Lenne et al.,
2013; Leocani et al., 2000; Schoonheim et al., 2013b; Van Schependom
et al., 2014). These studies showed focally higher synchronizationlikelihood in temporo-occipital and parieto-occipital connections and
lower inter-temporal connectivity (Schoonheim et al., 2013b) in pa-
tients with RRMS, with a shift from temporal to less efﬁcient parietal
processing, correlating with a decrease in cognitive performance
(Hardmeier et al., 2012). Abnormalities in oscillatory brain dynamics
in the alpha band, especially in the occipital, temporal, and parietal re-
gions, were demonstrated (Van der Meer et al., 2013), and functional
connectivity in the alpha bandwas lower in theDMNand the visual net-
work (correlating with thalamic atrophy), whereas functional connec-
tivity in the beta band was higher in the DMN and in the temporo-
parietal network, both correlating with clinical disability (Tewarie et
al., 2013). Decreased interhemispheric connectivity is one of the most
robust ﬁndings among fMRI studies on resting state in patients with
MS (Bonavita et al., 2011; Hawellek et al., 2011; Leonardi et al., 2013;
Richiardi et al., 2012).Whereas the above-mentioned coherence studies
(Cover et al., 2006; Hardmeier et al., 2012; Lenne et al., 2013; Leocani et
al., 2000; Schoonheim et al., 2013b; Van Schependom et al., 2014) con-
centrated on spatial variations of average correlations between regions
of interest, they investigate average values across a time window and
are primarily blind to the temporal variability of the dynamic connectiv-
ity (Allen et al., 2014; Leonardi et al., 2013), which was detected with
the microstate approach described here. Note that the basic spectral
analysis of the EEG signal in our patients did not reveal any difference
between patients with RRMS and controls; in particular, there was no
diffuse slowing in the signal as it had been described in patientswith ad-
vanced MS (Beach et al., 2011; Striano et al., 2003). It is, therefore, un-
likely that the found slowing in the topographical ﬂuctuations
originated from a basic difference of EEG frequency power. Indepen-
dence of microstates from frequency bands and absolute spectral
475M. Gschwind et al. / NeuroImage: Clinical 12 (2016) 466–477power has repeatedly been shown (Britz et al., 2010; Khanna et al.,
2014). The EEG microstate analysis is thus a complementary approach
to the classical EEG frequency analysis. It speciﬁcally looks at spatial pat-
terns of the scalp electric ﬁeld instead of variations of oscillations in spe-
ciﬁc frequency bands at certain electrode locations. Since changes in
scalp electric ﬁeld spatial patterns directly indicate changes in the con-
ﬁguration of neuronal generators, themethod looks at the switching be-
havior of different neuronal networks rather than at changes in the
strength of oscillatory activities in these networks. Since microstate
analysis is usually performed on broad-band activity, it does not give
information about the speciﬁc frequencies underlying the aberrant tem-
poral dynamics in microstate ﬂuctuations. Further studies using fre-
quency-resolved spatial analysis as proposed by Koenig et al. (2005)
are needed to linkmicrostate ﬂuctuations to changes in synchronization
of neuronal populations and changes in functional connectivity be-
tween the nodes of the large-scale networks thereof.
In patientswithMS, thalamic atrophy occurs early and has frequent-
ly been described to lead to thalamic dysfunction and thalamo-cortical
dysconnections (Cifelli et al., 2002; Houtchens et al., 2007;
Schoonheim et al., 2015a; Wylezinska et al., 2003). Therefore, it is pos-
sible that the altered microstate parameters we found in our study
were reﬂecting alterations in the thalamo-cortical loop. Because scalp
EEG does not record thalamic activity, such alterations cannot be con-
ﬁrmed by EEG recordings alone. In a recent combined EEG/fMRI study,
Schwab et al. (2015) demonstrated selective BOLD activity in speciﬁc
parts of the thalamuswith respect to differentmicrostate classes in spe-
ciﬁc frequency bands, meaning that thalamic activity indeed partici-
pates in the microstate ﬂuctuations. However, in this study, thalamic
contributions to the microstate ﬂuctuations were found for all micro-
state classes except class A. Therefore, this study does not directly sup-
port the hypothesis that our effects on microstate classes A and B are
related to thalamic dysfunctions.
4.3. Conclusion
In the present study, we used high-density EEG to map the topo-
graphical ﬂuctuations of the scalp potential ﬁeld in 53 patients with
RRMS in order to compare them with 49 healthy controls. We found
that distinct microstates displayed altered durations in the patient
group, which powerfully predicted the disease duration, annual relapse
rate, aswell as depression score, and cognitive fatigue, which is typically
experienced by patients with MS. Topographical ﬂuctuations (micro-
states) analysis might therefore have the potential to serve as a tool to
characterize evolution in RRMS (i.e., as a prognostic marker of disease
progression). Our patients were, on average, minimally disabled, with
a mean disease duration of 9 years.
Given the promising results regarding the prediction of the clinical
evolution, it would be interesting to evaluate the approach presented
here at the time of initial diagnosis in order to determine if microstate
classes A and B already display the alteration observed here at the
very onset of the disease. Longitudinal prospective designs are manda-
tory in patients with clinically isolated syndrome in order to character-
ize possible indicators for the conversion into RRMS and to better
determine the value of EEG resting state topographical ﬂuctuations as
surrogate markers for disease evolution.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nicl.2016.08.008.
Author contributions
MG designed the study, analyzed the data, and wrote the paper. MH
designed the study, recruited the patients, recorded the data, and re-
vised the paper. DVDV contributed analysis tools and revised the
paper. MIT preprocessed the data. IKP analyzed the data and revised
the paper; YN classiﬁed and recruted the patients; and PF, CM, and MS
designed the study, obtained the funding, and revised the paper.Conﬂict of interest
None of the authors report a conﬂict of interest in relation to this
work.
Acknowledgments
The authors thank Claudia Baumann, Beatrice Wessner, Darren
Hight, and the EEG team at the University Hospital Basel for technical
assistance, and Silke Purschke (Clinical Trial Unit, University Hospital
Basel) for assistance in onsite management. Many thanks also to Denis
Brunet, Dr. Anna Custo, Dr. Juliane Britz, and Dr. Gwenael Birot of the
Functional Brain Mapping Lab, University of Geneva, for discussion
and problem solving whenever necessary. Thanks also to Dr. Mathias
Oechslin, Zurich, for statistical advice.
This work was supported in part by the Swiss National Science
Foundation (grants 33CM30_124115, 33CM30_140338, grants
326030_128775 to DVDV, and grant 320030_159705 to CMM and
DVDV), as well as the Novartis Research Foundation (grant 09B35)
and the Swiss Multiple Sclerosis Society research grant (2009, tranche
1 project 7).
The Cartool Software is free academic software, programmed by
Denis Brunet, at the Functional Brain Mapping Lab, University of Gene-
va, and the Center for Biomedical Imaging (CIBM) of Geneva and Lau-
sanne, Switzerland.
References
Allen, E.A., Damaraju, E., Plis, S.M., Erhardt, E.B., Eichele, T., Calhoun, V.D., 2014. Tracking
whole-brain connectivity dynamics in the resting state. Cereb. Cortex 24, 663–676.
Andreou, C., Faber, P.L., Leicht, G., Schoettle, D., Polomac, N., Hanganu-Opatz, I.L.,
Lehmann, D., Mulert, C., 2014. Resting-state connectivity in the prodromal phase of
schizophrenia: insights from EEG microstates. Schizophr. Res. 152, 513–520.
Baars, B.J., 2002. The conscious access hypothesis: origins and recent evidence. Trends
Cogn. Sci. 6, 47–52.
Baars, B.J., 2005. Global workspace theory of consciousness: toward a cognitive neurosci-
ence of human experience. Prog. Brain Res. 150, 45–53.
Baker, A.P., Brookes, M.J., Rezek, I.A., Smith, S.M., Behrens, T., Probert Smith, P.J., Woolrich,
M., 2014. Fast transient networks in spontaneous human brain activity. eLife 3,
e01867.
Barkhof, F., 2002. The clinico-radiological paradox in multiple sclerosis revisited. Curr.
Opin. Neurol. 15 (%6), 239–245 (%&).
Beach, R.L., Barkan, H., Deperalta, E., 2011. The EEG in inﬂammatory CNS conditions
(chapter 18). In: Schomer, D.L., Lopes da Silva, F.H. (Eds.), Niedermeyer's Encephalog-
raphy: Basic principles, clinical applications, and related ﬁelds, sixth ed. Lippincott
Williams & Wilkins, Philadelphia, pp. 331–350.
Benedict, R.H., Duquin, J.A., Jurgensen, S., Rudick, R.A., Feitcher, J., Munschauer, F.E.,
Panzara, M.A., Weinstock-Guttman, B., 2008. Repeated assessment of neuropsycho-
logical deﬁcits in multiple sclerosis using the Symbol Digit Modalities Test and the
MS Neuropsychological Screening Questionnaire. Mult. Scler. 14, 940–946.
Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate - a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289–300.
Bonavita, S., Gallo, A., Sacco, R., Corte, M.D., Bisecco, A., Docimo, R., Lavorgna, L., Corbo, D.,
Costanzo, A.D., Tortora, F., Cirillo, M., Esposito, F., Tedeschi, G., 2011. Distributed
changes in default-mode resting-state connectivity in multiple sclerosis. Mult. Scler.
17, 411–422.
Britz, J., Van De Ville, D., Michel, C.M., 2010. BOLD correlates of EEG topography reveal
rapid resting-state network dynamics. NeuroImage 52, 1162–1170.
Brodbeck, V., Kuhn, A., von Wegner, F., Morzelewski, A., Tagliazucchi, E., Borisov, S.,
Michel, C.M., Laufs, H., 2012. EEG microstates of wakefulness and NREM sleep.
NeuroImage 62, 2129–2139.
Brunet, D., Murray, M.M., Michel, C.M., 2011. Spatiotemporal analysis of multichannel
EEG: CARTOOL. Comput. Intell. Neurosci. 2011, 813870.
Bullmore, E., Sporns, O., 2009. Complex brain networks: graph theoretical analysis of
structural and functional systems. Nat. Rev. Neurosci. 10, 186–198.
Changeux, J.-P., Michel, C.M., 2004. Mechanism of neural integration at the brain-scale
level. In: Grillner, S., Graybiel, A.M. (Eds.), Microcircuits. MIT Press, Cambridge,
pp. 347–370.
Charrad, M., Ghazzali, N., Boiteau, V., Niknafs, A., 2014. NbClust: an R package for deter-
mining the relevant number of clusters in a data set. J. Stat. Sotw. 61, 1–36.
Cifelli, A., Arridge, M., Jezzard, P., Esiri, M.M., Palace, J., Matthews, P.M., 2002. Thalamic
neurodegeneration in multiple sclerosis. Ann. Neurol. 52, 650–653.
Compston, A., Coles, A., 2008. Multiple sclerosis. Lancet 372 (%6), 1502–1517 (%&).
Cover, K.S., Vrenken, H., Geurts, J.J., van Oosten, B.W., Jelles, B., Polman, C.H., Stam, C.J., van
Dijk, B.W., 2006. Multiple sclerosis patients show a highly signiﬁcant decrease in
alpha band interhemispheric synchronization measured using MEG. NeuroImage
29, 783–788.
476 M. Gschwind et al. / NeuroImage: Clinical 12 (2016) 466–477Dehaene, S., Changeux, J.P., 2011. Experimental and theoretical approaches to conscious
processing. Neuron 70, 200–227.
Dierks, T., Jelic, V., Julin, P., Maurer, K., Wahlund, L.O., Almkvist, O., Strik, W.K., Winblad, B.,
1997. EEG-microstates in mild memory impairment and Alzheimer's disease: possi-
ble association with disturbed information processing. J. Neural Transm. (Vienna)
104, 483–495.
Ferree, T.C., Luu, P., Russell, G.S., Tucker, D.M., 2001. Scalp electrode impedance, infection
risk, and EEG data quality. Clin. Neurophysiol. 112, 536–544.
Filippi, M., Agosta, F., 2010. Imaging biomarkers in multiple sclerosis. J. Magn. Reson. Im-
aging 31 (%6), 770–788 (%&).
Filippi, M., Rocca, M.A., Barkhof, F., Bruck, W., Chen, J.T., Comi, G., DeLuca, G., De Stefano,
N., Erickson, B.J., Evangelou, N., Fazekas, F., Geurts, J.J.G., Lucchinetti, C., Miller, D.H.,
Pelletier, D., Popescu, B.F.G., Lassmann, H., 2012. Association between pathological
and MRI ﬁndings in multiple sclerosis. Lancet Neurol. 11, 349–360.
Filippi, M., van den Heuvel, M.P., Fornito, A., He, Y., Hulshoff Pol, H.E., Agosta, F., Comi, G.,
Rocca, M.A., 2013. Assessment of system dysfunction in the brain throughMRI-based
connectomics. Lancet Neurol. 12, 1189–1199.
Fu, L., Matthews, P.M., De Stefano, N., Worsley, K.J., Narayanan, S., Francis, G.S., Antel, J.P.,
Wolfson, C., Arnold, D.L., 1998. Imaging axonal damage of normal-appearing white
matter in multiple sclerosis. Brain 121 (Pt 1), 103–113 (%6 %&).
Fuhr, P., Borggrefe-Chappuis, A., Schindler, C., Kappos, L., 2001. Visual and motor evoked
potentials in the course of multiple sclerosis. Brain 124, 2162–2168.
Gamboa, O.L., Tagliazucchi, E., von Wegner, F., Jurcoane, A., Wahl, M., Laufs, H., Ziemann,
U., 2014. Working memory performance of early MS patients correlates inversely
with modularity increases in resting state functional connectivity networks.
NeuroImage 94, 385–395.
Giorgio, A., Battaglini, M., Rocca, M.A., De Leucio, A., Absinta, M., van Schijndel, R.,
Rovira, A., Tintore, M., Chard, D., Ciccarelli, O., Enzinger, C., Gasperini, C.,
Frederiksen, J., Filippi, M., Barkhof, F., De Stefano, N., 2013. Location of brain le-
sions predicts conversion of clinically isolated syndromes to multiple sclerosis.
Neurology 80, 234–241.
Gschwind, M., Michel, C.M., Van De Ville, D., 2015. Long-range dependencies make the
difference-comment on “a stochastic model for EEG microstate sequence analysis”.
NeuroImage 117, 449–455.
Hardmeier, M., Schoonheim, M.M., Geurts, J.J., Hillebrand, A., Polman, C.H., Barkhof, F.,
Stam, C.J., 2012. Cognitive dysfunction in early multiple sclerosis: altered centrality
derived from resting-state functional connectivity using magneto-encephalography.
PLoS One 7, e42087.
Hasan, K.M., Walimuni, I.S., Abid, H., Datta, S., Wolinsky, J.S., Narayana, P.A., 2012. Human
brain atlas-based multimodal MRI analysis of volumetry, diffusimetry, relaxometry
and lesion distribution in multiple sclerosis patients and healthy adult controls: im-
plications for understanding the pathogenesis of multiple sclerosis and consolidation
of quantitative MRI results in MS. J. Neurol. Sci. 313, 99–109.
Hautzinger, M., Bailer, M., 1991. Die allgemeine Depressivitätsskala (ADS). Die deutsche
Version des CES-D. Beltz Test GmbH, Göttingen.
Hawellek, D.J., Hipp, J.F., Lewis, C.M., Corbetta, M., Engel, A.K., 2011. Increased functional
connectivity indicates the severity of cognitive impairment in multiple sclerosis.
Proc. Natl. Acad. Sci. U. S. A. 108, 19066–19071.
Helekar, S.A., Shin, J.C., Mattson, B.J., Bartley, K., Stosic, M., Saldana-King, T., Montague,
P.R., Hutton, G.J., 2010. Functional brain network changes associated with mainte-
nance of cognitive function in multiple sclerosis. Front. Hum. Neurosci. 4, 219.
Houtchens, M.K., Benedict, R.H., Killiany, R., Sharma, J., Jaisani, Z., Singh, B., Weinstock-
Guttman, B., Guttmann, C.R., Bakshi, R., 2007. Thalamic atrophy and cognition inmul-
tiple sclerosis. Neurology 69, 1213–1223.
Jung, T.P., Makeig, S., Westerﬁeld, M., Townsend, J., Courchesne, E., Sejnowski, T.J., 2000.
Removal of eye activity artifacts from visual event-related potentials in normal and
clinical subjects. Clin. Neurophysiol. 111, 1745–1758.
Kalincik, T., Vivek, V., Jokubaitis, V., Lechner-Scott, J., Trojano, M., Izquierdo, G., Lugaresi,
A., Grand'maison, F., Hupperts, R., Oreja-Guevara, C., Bergamaschi, R., Iuliano, G.,
Alroughani, R., Van Pesch, V., Amato, M.P., Slee, M., Verheul, F., Fernandez-Bolanos,
R., Fiol, M., Spitaleri, D.L., Cristiano, E., Gray, O., Cabrera-Gomez, J.A., Shaygannejad,
V., Herbert, J., Vucic, S., Needham, M., Petkovska-Boskova, T., Sirbu, C.A., Duquette,
P., Girard, M., Grammond, P., Boz, C., Giuliani, G., Rio, M.E., Barnett, M., Flechter, S.,
Moore, F., Singhal, B., Bacile, E.A., Saladino, M.L., Shaw, C., Skromne, E., Poehlau, D.,
Vella, N., Spelman, T., Liew, D., Kilpatrick, T.J., Butzkueven, H., 2013. Sex as a determi-
nant of relapse incidence and progressive course of multiple sclerosis. Brain 136,
3609–3617.
Katayama, H., Gianotti, L.R., Isotani, T., Faber, P.L., Sasada, K., Kinoshita, T., Lehmann, D.,
2007. Classes of multichannel EEG microstates in light and deep hypnotic conditions.
Brain Topogr. 20, 7–14.
Khanna, A., Pascual-Leone, A., Farzan, F., 2014. Reliability of resting-state microstate fea-
tures in electroencephalography. PLoS One 9, e114163.
Khanna, A., Pascual-Leone, A., Michel, C.M., Farzan, F., 2015. Microstates in resting-state
EEG: current status and future directions. Neurosci. Biobehav. Rev. 49, 105–113.
Kindler, J., Hubl, D., Strik, W.K., Dierks, T., Koenig, T., 2011. Resting-state EEG in schizo-
phrenia: auditory verbal hallucinations are related to shortening of speciﬁc micro-
states. Clin. Neurophysiol. 122, 1179–1182.
Koenig, T., Giannotti, L.R.R., 2009. Scalp ﬁled maps and their characterization. In: Michel,
C.M. (Ed.), Electrical Neuroimaging. Cambridge University Press, Cambridge,
pp. 25–48.
Koenig, T., Prichep, L., Lehmann, D., Sosa, P.V., Braeker, E., Kleinlogel, H., Isenhart, R., John,
E.R., 2002. Millisecond by millisecond, year by year: normative EEG microstates and
developmental stages. NeuroImage 16, 41–48.
Koenig, T., Studer, D., Hubl, D., Melie, L., Strik, W.K., 2005. Brain connectivity at different
time-scales measured with EEG. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 360,
1015–1023.Kopal, J., Vysata, O., Burian, J., Schatz, M., Prochazka, A., Valis, M., 2014. Complex continu-
ous wavelet coherence for EEG microstates detection in insight and calmmeditation.
Conscious. Cogn. 30, 13–23.
Krzanowski, W.J., Lai, Y.T., 1988. A criterion for determining the number of groups in a
data set using sum-of-squares clustering. Biometrics 44, 23–34.
Kurtzke, J.F., 1983. Rating neurologic impairment in multiple sclerosis: an expanded dis-
ability status scale (EDSS). Neurology 33, 1444–1452.
Lehmann, D., Skrandies,W., 1980. Reference-free identiﬁcation of components of checker-
board-evoked multichannel potential ﬁelds. Electroencephalogr. Clin. Neurophysiol.
48, 609–621.
Lehmann, D., Ozaki, H., Pal, I., 1987. EEG alpha map series: brain micro-states by space-
oriented adaptive segmentation. Electroencephalogr. Clin. Neurophysiol. 67,
271–288.
Lehmann, D., Pascual-Marqui, R.D., Michel, C.M., 2009. EEG microstates. Scholarpedia 4.
Lehmann, D., Faber, P.L., Pascual-Marqui, R.D., Milz, P., Herrmann, W.M., Koukkou, M.,
Saito, N., Winterer, G., Kochi, K., 2014. Functionally aberrant electrophysiological cor-
tical connectivities in ﬁrst episode medication-naive schizophrenics from three psy-
chiatry centers. Front. Hum. Neurosci. 8, 635.
Lenne, B., Blanc, J.L., Nandrino, J.L., Gallois, P., Hautecaeur, P., Pezard, L., 2013. Decrease of
mutual information in brain electrical activity of patients with relapsing-remitting
multiple sclerosis. Behav. Neurol. 27, 201–212.
Leocani, L., Locatelli, T., Martinelli, V., Rovaris, M., Falautano, M., Filippi, M., Magnani, G.,
Comi, G., 2000. Electroencephalographic coherence analysis inmultiple sclerosis: cor-
relation with clinical, neuropsychological, and MRI ﬁndings. J. Neurol. Neurosurg.
Psychiatry 69, 192–198.
Leonardi, N., Richiardi, J., Gschwind, M., Simioni, S., Annoni, J.M., Schluep, M., Vuilleumier,
P., Van De Ville, D., 2013. Principal components of functional connectivity: a new ap-
proach to study dynamic brain connectivity during rest. NeuroImage 83, 937–950.
Limpert, E., Stahel, W.A., 2011. Problems with using the normal distribution–and ways to
improve quality and efﬁciency of data analysis. PLoS One 6, e21403.
Maindonald, J.H., Braun, W.J., 2010. Data Analysis and Graphics Using R - An Example-
based Approach. third ed. Cambridge University Press, New York.
McLachlan, G.J., Do, K.-A., Ambroise, C., 2005. AnalyzingMicroarray Gene Expression Data.
Wiley.
Michel, C.M., Koenig, T., Brandeis, D., Gianotti, L.R., Wackermann, J., 2009. Electrical Neu-
roimaging. Cambridge University Press, New York.
Murray, M.M., Brunet, D., Michel, C.M., 2008. Topographic ERP analyses: a step-by-step
tutorial review. Brain Topogr. 20, 249–264.
Nishida, K., Morishima, Y., Yoshimura, M., Isotani, T., Irisawa, S., Jann, K., Dierks, T., Strik,
W., Kinoshita, T., Koenig, T., 2013. EEG microstates associated with salience and
frontoparietal networks in frontotemporal dementia, schizophrenia and Alzheimer's
disease. Clin. Neurophysiol. 124, 1106–1114.
Oldﬁeld, R.C., 1971. The assessment and analysis of handedness: the Edinburgh inventory.
Neuropsychologia 9, 97–113.
Pantano, P., 2002. Cortical motor reorganization after a single clinical attack of multiple
sclerosis. Brain 125, 1607–1615.
Papadopoulou, A., Muller-Lenke, N., Naegelin, Y., Kalt, G., Bendfeldt, K., Kuster, P.,
Stoecklin, M., Gass, A., Sprenger, T., Radue, E.W., Kappos, L., Penner, I.K., 2013. Contri-
bution of cortical and white matter lesions to cognitive impairment in multiple scle-
rosis. Mult. Scler. 19, 1290–1296.
Pascual-Marqui, R.D., Lehmann, D., Faber, P., Milz, P., Kochi, K., Yoshimura, M., Nishida, K.,
Isotani, T., Kinoshita, T., 2014. The resting microstate networks (RMN): cortical distri-
butions, dynamics, and frequency speciﬁc information ﬂow. ArXiv 1411, 1949.
Penner, I.K., Raselli, C., Stocklin, M., Opwis, K., Kappos, L., Calabrese, P., 2009. The Fatigue
Scale for Motor and Cognitive Functions (FSMC): validation of a new instrument to
assess multiple sclerosis-related fatigue. Mult. Scler. 15, 1509–1517.
Perrin, F., Pernier, J., Bertrand, O., Echallier, J.F., 1989. Spherical splines for scalp po-
tential and current density mapping. Electroencephalogr. Clin. Neurophysiol.
72, 184–187.
Pinter, D., Beckmann, C., Koini, M., Pirker, E., Filippini, N., Pichler, A., Fuchs, S., Fazekas, F.,
Enzinger, C., 2016. Reproducibility of resting state connectivity in patients with stable
multiple sclerosis. PLoS One 11, e0152158.
Polman, C.H., Reingold, S.C., Banwell, B., Clanet, M., Cohen, J.A., Filippi, M., Fujihara, K.,
Havrdova, E., Hutchinson, M., Kappos, L., Lublin, F.D., Montalban, X., O'Connor, P.,
Sandberg-Wollheim, M., Thompson, A.J., Waubant, E., Weinshenker, B., Wolinsky,
J.S., 2011. Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald
criteria. Ann. Neurol. 69, 292–302.
Richiardi, J., Gschwind, M., Simioni, S., Annoni, J.M., Greco, B., Hagmann, P., Schluep, M.,
Vuilleumier, P., Van De Ville, D., 2012. Classifying minimally-disabled multiple sclero-
sis patients from resting-state functional connectivity. NeuroImage.
Rocca, M.A., Colombo, B., Falini, A., Ghezzi, A., Martinelli, V., Scotti, G., Comi, G., Filippi, M.,
2005. Cortical adaptation in patients with MS: a cross-sectional functional MRI study
of disease phenotypes. Lancet Neurol. 4, 618–626.
Rocca, M.A., Valsasina, P., Meani, A., Falini, A., Comi, G., Filippi, M., 2014. Impaired func-
tional integration in multiple sclerosis: a graph theory study. Brain Struct. Funct.
Roosendaal, S.D., Schoonheim, M.M., Hulst, H.E., Sanz-Arigita, E.J., Smith, S.M., Geurts, J.J.,
Barkhof, F., 2010. Resting state networks change in clinically isolated syndrome. Brain
133, 1612–1621.
Rovira, A., Wattjes, M.P., Tintore, M., Tur, C., Yousry, T.A., Sormani, M.P., De Stefano, N.,
Filippi, M., Auger, C., Rocca, M.A., Barkhof, F., Fazekas, F., Kappos, L., Polman, C.,
Miller, D., Montalban, X., 2015. Evidence-based guidelines: MAGNIMS consensus
guidelines on the use of MRI inmultiple sclerosis-clinical implementation in the diag-
nostic process. Nat. Rev. Neurol. 11, 471–482.
Schlaeger, R., Schindler, C., Grize, L., Dellas, S., Radue, E.W., Kappos, L., Fuhr, P., 2014. Com-
bined visual and motor evoked potentials predict multiple sclerosis disability after
20 years. Mult. Scler. 20, 1348–1354.
477M. Gschwind et al. / NeuroImage: Clinical 12 (2016) 466–477Schoonheim, M.M., Hulst, H.E., Landi, D., Ciccarelli, O., Roosendaal, S.D., Sanz-Arigita, E.J.,
Vrenken, H., Polman, C.H., Stam, C.J., Barkhof, F., Geurts, J.J., 2012. Gender-related dif-
ferences in functional connectivity in multiple sclerosis. Mult. Scler. 18, 164–173.
Schoonheim, M., Geurts, J., Wiebenga, O., De Munck, J., Polman, C., Stam, C., Barkhof, F.,
Wink, A., 2013a. Changes in functional network centrality underlie cognitive dysfunc-
tion and physical disability in multiple sclerosis. Mult. Scler. 20, 1058–1065.
Schoonheim, M.M., Geurts, J.J., Landi, D., Douw, L., van der Meer, M.L., Vrenken, H.,
Polman, C.H., Barkhof, F., Stam, C.J., 2013b. Functional connectivity changes in multi-
ple sclerosis patients: a graph analytical study of MEG resting state data. Hum. Brain
Mapp. 34, 52–61.
Schoonheim, M.M., Hulst, H.E., Brandt, R.B., Strik, M., Wink, A.M., Uitdehaag, B.M., Barkhof,
F., Geurts, J.J., 2015a. Thalamus structure and function determine severity of cognitive
impairment in multiple sclerosis. Neurology 84, 776–783.
Schoonheim, M.M., Meijer, K.A., Geurts, J.J., 2015b. Network collapse and cognitive im-
pairment in multiple sclerosis. Front. Neurol. 6, 82.
Schwab, S., Koenig, T., Morishima, Y., Dierks, T., Federspiel, A., Jann, K., 2015. Discovering
frequency sensitive thalamic nuclei from EEGmicrostate informed resting state fMRI.
NeuroImage 118, 368–375.
Skrandies, W., 2007. The effect of stimulation frequency and retinal stimulus location on
visual evoked potential topography. Brain Topogr. 20, 15–20.
Strelets, V., Faber, P.L., Golikova, J., Novototsky-Vlasov, V., Koenig, T., Gianotti, L.R.,
Gruzelier, J.H., Lehmann, D., 2003. Chronic schizophrenics with positive symptom-
atology have shortened EEG microstate durations. Clin. Neurophysiol. 114,
2043–2051.
Striano, P., Oreﬁce, G., Brescia Morra, V., Boccella, P., Sarappa, C., Lanzillo, R., Vacca, G.,
Striano, S., 2003. Epileptic seizures in multiple sclerosis: clinical and EEG correlations.
Neurol. Sci. 24, 322–328.
Strik, W.K., Chiaramonti, R., Muscas, G.C., Paganini, M., Mueller, T.J., Fallgatter, A.J., Versari,
A., Zappoli, R., 1997. Decreased EEG microstate duration and anteriorisation of the
brain electrical ﬁelds in mild and moderate dementia of the Alzheimer type. Psychi-
atry Res. 75, 183–191.Tewarie, P., Schoonheim, M.M., Stam, C.J., van der Meer, M.L., van Dijk, B.W., Barkhof, F.,
Polman, C.H., Hillebrand, A., 2013. Cognitive and clinical dysfunction, altered MEG
resting-state networks and thalamic atrophy in multiple sclerosis. PLoS One 8,
e69318.
Tomescu, M.I., Rihs, T.A., Becker, R., Britz, J., Custo, A., Grouiller, F., Schneider, M., Debbane,
M., Eliez, S., Michel, C.M., 2014. Deviant dynamics of EEG resting state pattern in
22q11.2 deletion syndrome adolescents: a vulnerability marker of schizophrenia?
Schizophr. Res. 157, 175–181.
Tomescu, M.I., Rihs, T.A., Roinishvili, M., Karahanoglu, F.I., Schneider, M., Menghetti, S.,
Van De Ville, D., Brand, A., Chkonia, E., Eliez, S., Herzog, M.H., Michel, C.M., Cappe,
C., 2015. Schizophrenia patients and 22q11.2 deletion syndrome adolescents at risk
express the same deviant patterns of resting state EEG microstates: a candidate
endophenotype of schizophrenia. Schizophr. Res. Cogn. 2, 159–165.
Van De Ville, D., Britz, J., Michel, C.M., 2010. EEG microstate sequences in healthy humans
at rest reveal scale-free dynamics. Proc. Natl. Acad. Sci. U. S. A. 107, 18179–18184.
Van der Meer, M.L., Tewarie, P., Schoonheim, M.M., Douw, L., Barkhof, F., Polman, C.H.,
Stam, C.J., Hillebrand, A., 2013. Cognition inMS correlates with resting-state oscillato-
ry brain activity: an explorative MEG source-space study. Neuroimage Clin. 2,
727–734.
Van Schependom, J., Gielen, J., Laton, J., D'Hooghe, M.B., De Keyser, J., Nagels, G., 2014.
Graph theoretical analysis indicates cognitive impairment in MS stems from neural
disconnection. Neuroimage Clin. 4, 403–410.
Wylezinska, M., Cifelli, A., Jezzard, P., Palace, J., Alecci, M., Matthews, P.M., 2003. Thalamic
neurodegeneration in relapsing-remitting multiple sclerosis. Neurology 60,
1949–1954.
Yuan, H., Zotev, V., Phillips, R., Drevets, W.C., Bodurka, J., 2012. Spatiotemporal dynamics
of the brain at rest–exploring EEG microstates as electrophysiological signatures of
BOLD resting state networks. NeuroImage 60, 2062–2072.
